Background: The energy crisis and climate change necessitate studying and discovering of new processes involved in the production of alternative and renewable energy sources. Very high gravity (VHG) fermentation is one such process improvement aimed at increasing both the rate of fermentation and ethanol concentration. The technology involves preparation and fermentation of media containing 300 g or more of dissolved solids per liter to get a high amount of ethanol. Findings: Saccharomyces cerevisiae was inoculated to the very high gravity medium containing 30% to 40% w/v glucose with and without supplementation of three selected fruit pulps (mango, banana, and sapota). The fermentation experiments were carried out in batch mode. The effect of supplementation of 4% fruit pulp/puree on the metabolic behavior and viability of yeast was studied. Significant increase in ethanol yields up to 83.1% and dramatic decrease in glycerol up to 35% and trehalose production up to 100% were observed in the presence of fruit pulp. The fermentation rate was increased, and time to produce maximum ethanol was decreased from 5 to 3 days with increased viable cell count. The physical and chemical factors of fruit pulps may aid in reducing the osmotic stress of high gravity fermentation as well as enhanced ethanol yield.
Background
The energy crisis and climate change necessitate studying and discovering of new processes involved in the production of alternative and renewable energy sources. Bioethanol is regarded as a promising alternative energy source, which is both renewable and environmentally friendly [1, 2] . The commonly used ethanol producer in industries is Saccharomyces cerevisiae and the initial sugar concentration will not exceed 20% and the conventional ethanol production process needs high energy, high cost and low productivity [3] . Very high gravity (VHG) fermentation is one such process improvement aimed at increasing both the rate of fermentation and ethanol concentration. The technology involves preparation and fermentation of media containing 300 g or more of dissolved solids per liter [4] . VHG fermentation influences the five basic fermentation assets: (1) plant and equipment, (2) raw materials, (3) utilities and consumables, (4) personnel, and (5) money [5] . High gravity fermentation is an accepted method to produce more ethanol in existing fermenters and distil houses (affecting item 1), and uses less cooling equipment and produces less effluent (affecting item 3), resulting in higher yield (affecting item 2) and less staff work (affecting item 4); all these properties decrease the money investment for ethanol production. Another advantage is an increase in opportunities for harvest of high protein spent yeast [4, 6] .
However, the high sugar content of the very high gravity fermentation medium causes an increase in the osmotic pressure, which has a pessimistic effect on yeast cells, and the fermentations are rarely fast and complete. The ethanol produced by the yeast also poses negative effects on yeast metabolism like enzyme inhibition and membrane solubility and needs some protectants to counteract these effects at the end of the fermentation process [3] . S. cerevisiae can ferment an increased amount of sugars in the medium when all required nutrients are provided in adequate amounts [6] . Specific nutrients, such as nitrogen, trace elements, or vitamins, are required to obtain rapid fermentation and high ethanol levels, which are desirable to minimize capital costs and distillation energy. On a laboratory scale, media are often supplemented with peptone, yeast extract, amino acids, and vitamins [6] [7] [8] . However, such addition is not feasible in industrial fermentation processes due to the associated high costs. Thus, it is necessary to exploit inexpensive nutrient sources to supply all nutritional requirements for yeast growth and fermentation. Many investigators studied the effect of inexpensive substances like soy flour, oils and fatty acids, fungal mycelia, and fruit pulp [9] [10] [11] [12] on the improvement of ethanol production. In our laboratory, we have tested finger millet and horse gram powder supplementation in VHG fermentation and successfully improved the ethanol production [13, 14] .
In view of the above, we have screened 15 different commercially available fruits to determine their effect on very high gravity fermentation in terms of fermentation rate and enhancement of ethanol yield. In this paper, we presented the results of tropical fruit pulps mango (Mangifera indica), banana (Musa paradisiaca), and sapota (Achras sapota), which show a significant effect in enhancing the ethanol production during the screening process.
Materials and methods

Organism and cultural conditions
Yeast strain S. cerevisiae 3215 was used in all the experiments. The yeast strain was obtained from National Collection of Industrial Microorganisms (NCIM, Pune, India). The culture was maintained on MPYD (malt extract 3 g/L, peptone 5 g/L, yeast extract 3 g/L, and dextrose 2 g/L) agar (1.5 g/L) slants at 4°C. The inoculum was prepared by inoculating the slant culture into 25 mL of the sterile MPYD liquid medium taken in a 100-mL flask and growing it on a rotary shaker (100 rpm) for 48 h. The above produced yeast culture (5%, 1 × 10 6 cells/mL) was used as inoculum to initiate the fermentation.
Fruit pulp preparation for supplementation
The fruits selected for the supplementation, mango (M. indiaca), banana (M. praradisiaca), and sapota (A. sapota), were purchased from the local market of Kadapa, India. The fruits were peeled off, and the pulp was separated from stones in the case of mango and sapota and prepared as puree with a macerator. The prepared puree will have good suspension in the fermentation medium.
Fermentation
The very high gravity fermentation medium composition is the same as the abovementioned MPYD medium with high glucose concentration (300 to 400 g/L); 4% fruit pulp/puree was supplemented to 300 and 400 g/L sugar medium to evaluate the potential effect of fruit pulps in enhancing the ethanol production, and the medium without supplementation of fruit pulp was treated as control. Fermentations were conducted at 30°C in 250-mL Erlenmeyer flasks with 100 mL of fermentation medium. The initial pH was adjusted to 5.5. The progress of fermentation was monitored by periodical sample analysis. The fermentation was stopped after 5 days, and samples were kept at −4°C until the analysis.
Analytical estimations
Sugar concentration was estimated using the Shaffer and Somogyi method [15] as follows: Reducing sugars were estimated using the idometric method of Shaffer and Somogyi (1933) . Sugars containing a free sugar syrup group undergo enolization when placed in an alkaline solution. Enediol forms of sugars are highly reactive to acids. The reduced copper was quantified by idometric titration using starch as an indicator. The 1 L reagent contains sodium carbonate (25 g), Rochelle salt (25 g), copper sulfate (75 mL from 100 g/L solution), sodium bicarbonate (20 g), potassium iodide (5 g), and potassium iodate (3.567 g). A 5 mL solution containing 0.5 to 2.5 mg dextrose units was pipetted into test tubes and 5 mL of reagent was added; then, the solution with the added reagent was mixed well by stirring. Tubes capped with bulbs were placed in a boiling water bath for 15 min and cooled under running water. Next, 2 mL of idodine-oxalate titrated with 0.005 N sodium thiosulfate was added using starch as indicator. Ethanol was determined with the help of gas chromatography [16] . The fermented samples were centrifuged at 5,000 rpm for 10 min. The supernatant was used for ethanol analysis. An Agilent Systems Gas Chromatograph with Flame Ionization Detector (GC-FID) Model 6890 Plus instrument (Agilent Technologies Inc., Santa Clara, CA, USA) was used, and conditions were as follows: 5% Carbowax 20M glass column (6 ft (2 m), 2-mm inner diameter (ID), 1/4 mm). Nitrogen was used as a carrier gas with a flow of 20 mL/min, and the eluted compounds were detected using a flame ionization detector (FID). For this, the fuel gas was hydrogen with a flow rate of 40 mL/min, and the oxidant was air with a flow rate of 40 mL/min; n-propanol was used as internal standard. Glycerol on diluted samples was estimated using Boehringer kits (Boehringer Mannheim (Roche, Basel Switzerland); enzymatic test (340 nm) 3 × 11 determinations (code number 10148270035)). Trehalose was estimated in the supernatant by the anthrone method as described previously [17] . The pellet obtained after the trehalose extraction was used for the protein estimation.
Cell viability
Cellular viability was determined by the methylene blue staining technique [18] . A 100 mL sterile solution of methylene blue (3.3 mM in 68 mM sodium citrate) was mixed with 100 mL of a yeast suspension diluted to reach an OD of 0.4 to 0.7 at 620 nm. This mixture was shaken, and after a 5-min incubation, it was placed in a Thomas counting chamber. The number of stained (inactive cells) and unstained (active cells) were counted in five different fields with total of at least 200 to 300 cells.
Statistical analysis
All the experiments were carried out three times (triplicate), and the mean value with standard deviation and significant (P) was determined. SPSS version 11.0 was used for analysis of variance.
Results
The present study provides potential observation of fruit pulps as supplements in small quantity during fermentation stimulating the rate of alcohol production and final alcohol concentration in very high gravity fermentation. Two sets of batch fermentation experiments with two levels of sugar concentrations, 300 and 400 g/ L (30% and 40%), were carried out with and without fruit pulp supplementation, in order to evaluate the effect of fruit pulps. The unsupplemented batch fermentation experiments yielded only 9% (w/v) of alcohol in 300 g/L, and a good amount of residual sugars was left and incompletely fermented by S. cerevisiae. However, the 4% fruit pulp supplementation led to a significant increase in ethanol production, and the final concentration reached 14.5% (w/v) in a shorter time (72 h) with a productivity of 2.1 g/h/L (Table 1 ). In the three fruit pulps selected, mango supplementation gave the highest yields of ethanol when compared to banana and sapota. In the fruit pulp-supplemented medium, 10% (v/v) of ethanol production was achieved in just 48 h after the inoculation. Besides the high fermentation rate in the supplemented medium, it also decreased the duration of fermentation from 5 to 3 days.
An attempt was made to increase ethanol production up to 18% to 20% (w/v) as in the case of sake fermentation, by increasing the sugar concentration from 300 to 400 g/L with supplementation of fruit pulp. In the 400 g/L sugar fermentation with 4% fruit pulp supplementation, the ethanol concentration was 12.5% ( Table 1 ). The sugars were utilized maximally up to 300 g/L. In the three fruit pulps selected, mango supplementation gave the highest yields of ethanol when compared to banana and sapota. The ethanol production after 5 days in the control experiments was only 7.5%.
Effect of fruit pulp supplementation on cell viability
After 30 to 35 h of fermentation in both supplemented and control media, cell growth rate was decreased. After 40 to 50 h, the growth ceased, but glucose fermentation continued slowly until the number of the viable cell count decreased and became very low. The viability percentage of yeast cells in the supplemented medium was greater than that in the control medium. The supplementation of fruit pulp led to an increase in the rate of fermentation and ethanol yield through the extended growth phase of cells (Figure 1 ). In the three fruit pulps selected, mango supplementation gave a higher cell viability than banana and sapota supplementation. 
Effect of fruit pulp supplementation on glycerol production and trehalose
Concentrations of glycerol, one of the stress indicators and releasers, were decreased in the fruit pulp-supplemented experiments from 954 to 620 mg/L in the 300 g/L fermentation and from 1,266 to 823 mg/L in the 400 g/L fermentation ( Table 2 ). In the three fruit pulps selected, mango supplementation gave less glycerol when compared to banana and sapota supplementation. Trehalose is a disaccharide which is typically produced by yeast when it experiences stress conditions. In the present study, trehalose concentration was in low in the fruit pulpsupplemented experiments when compared to the unsupplemented control experiments (Table 3 ). In the control 30% (w/v) fermentation experiments, the trehalose concentration was 40 mg/g yeast cells, and in the fruit pulpsupplemented experiments, it was 21 mg/g yeast cells. In the 40% sugar (w/v) control fermentation experiments, the trehalose concentration was 52 mg/g yeast cells, while in the fruit pulp supplementation with aeration experiments, it was 38 mg/g yeast cells. In the three fruit pulps selected, mango supplementation decreased the trehalose to low levels when compared to banana and sapota supplementation.
Discussion
The present study provides potential observation of fruit pulps as supplements in small quantity during fermentation stimulating the rate of alcohol production and final alcohol concentration in very high gravity fermentation. In unsupplemented controls of 30% glucose fermentation experiments, compared with the supplemented medium, the sugar was not utilized completely. It is evident that at the end of fermentation, yeast requires certain nutrients that aid tolerance to the high concentrations of alcohol it forms. Nearly 70% to 75% of the volume of the final ethanol concentration was formed within 48 h of fermentation, and almost all the final concentration of ethanol was formed in 60 h; the remaining 1% or 2% (v/v) took some time for its secretion out of the cell. In addition to nutrients, fruit pulps also contain good amounts of polyphenols (all flavones, stilbenes, flavonones, isoflavones, catechins, chalcones, tannins, and anthocyanidins), which are frequently attributed to antioxidant, metal ion-chelating, and/or free radical scavenging activity [19] . This may help in keeping the yeast cells viable for longer duration and producing such high concentrations of ethanol in 48 h. The supplemented medium had higher viable cell count than the control medium. There was a dramatic drop in cell count from 10 × 10 7 to 3 × 10 7
in the control medium with increase in ethanol concentration from 5% to 9% (v/v). But in the supplemented medium, the cell viability went up even up to 12% (v/v) ethanol. This indicates that the threshold concentration of ethanol to yeast inhibition is 9% (v/v). In all cases, the cell viability increased even at high ethanol concentration (12% v/v) in the fruit pulp-supplemented medium compared with the control medium. Alfenore et al. [6] made a similar observation in fed-batch fermentation by vitamin feeding strategy that enhanced the final ethanol up to 19% (v/v) in 45 h. The important byproduct formed during ethanol fermentation is glycerol. Commonly, its production is high in high gravity fermentation. Glycerol is the well-known compatible solute in S. cerevisiae. Osmophilic yeasts accumulate glycerol to compensate for high osmotic pressure [20, 21] . In the present study, the formation of glycerol was found to be high at the growth/logarithmic phase. After cessation of cell growth, glycerol was not present much in the media. The percentage of glycerol in the supplemented media was low when compared with that in the control medium. These results confirmed the previous reports that the growth rate of yeast cells is reduced irreversibly in proportion to an increase in external osmolarity [21] . Another important reserve carbohydrate and stress protectant for the yeast is trehalose. Trehalose is also considered as one of the most effective saccharines in preventing phase transition in the lipid bilayer and thereby protecting membranes against damages, and considering the relation of intracellular trehalose concentration with the cellular resistance to osmotic stress, trehalose was supposed to act as an osmoprotectant under osmotic stress [20] . In the supplemented medium, trehalose concentration was decreased at the end of the fermentation which shows that the cells are not under stress when compared to the control. This could explain the fact that stress induced the genes involved in trehalose synthesis and those involved in degradation, and why the genes responded in a similar pattern in osmotic and oxidative stress [22] . It has been reported that the production pattern of protein synthesis is changed dramatically by osmotic and heat stress, and also depriving amino acids or proteins inhibits translation initiation through the phosphorylation pathway [23, 24] . Higher amount of ethanol in the 400 g/L sugar medium was not obtained probably due to the initial high glucose concentration that strongly inhibited fermentation. Even in such high osmolarity, the supplemented media yield 12.5% (v/v) ethanol with a productivity of 1.73 g/h/L. It is likely that the supplementation of fruit pulp may add sugars, thereby contributing to the increased osmotic pressure. The old yeast cells ferment slowly when compared with actively growing yeast cells. It is possible to produce high ethanol concentrations by extending the growth phase of yeast to longer periods as in the case of beer production. It is expected that fruit pulp supplementation would overcome nutritional deficiencies of yeast and allow them to stay longer in the growth phase and that antioxidants protected the yeast cells from osmotic stress and aeration allowed yeast to produce membrane lipids to be sustained at higher alcohol concentrations. During VHG ethanol fermentation, maintaining the redox potential at a constant level is essential, as yeast requires a small amount of oxygen to facilitate the synthesis of sterols and unsaturated fatty acids, which serve as the building blocks for constructing cell membranes [25] .
Conclusions
It is concluded that fruit pulp supplementation enhanced the rate and yield of ethanol production in a very high gravity medium. It is observed that the selected fruit pulps were not much effective in the 400 g/L sugar fermentation when compared to the 300 g/L sugar fermentation. The decrease in both glycerol and trehalose concentrations by the supplementation would suggest that the fruit pulp constituents might be involved in lowering the osmotic stress induced by high sugar at the beginning of fermentation and high ethanol stress at the end of the fermentation. The increased ethanol production by the fruit pulp supplementation is a significant finding that could also be applied to an industrial fermentation of ethanol utilizing molasses and other raw materials as substrates. This may reduce the cost of ethanol production in developing countries like India. The nature of active principles from fruit pulps and their mechanism that aids in tolerating high osmotic stress and enhance ethanol production rate are being investigated by the authors. 
